Competitive N-methyl-D-aspartate antagonists, Dt:2-amino-5-phosphonopentanoic acid, DL-2-amino-7-phosphonoheptanoic acid, 3-(2-carboxypiperazin-4-yl)propyl-l-phosphonic acid, and eis-4-phosphonomethyl-2-piperidine carboxylic acid, inhibited Glutamate is a major excitatory amino acid neurotransmitter mediating neuronal signalling within the mammalian central nervous system. Glutamate interacts with at least three receptors which have been classified on the basis of agonists that selectively activate them: quisqualate, kainate and N-methyl-Daspartate (NMDA)) 3'36'6° The NMDA receptor is the best characterized of the receptor subtypes due to the availability of selective antagonists. 36 Activation of NMDA receptors has been implicated in a number of physiological and pathological processes including long-term potentiation, learning and memory, hypoxic-ischemic neuronal damage, and chronic neural degeneration. 8,47
Glutamate is a major excitatory amino acid neurotransmitter mediating neuronal signalling within the mammalian central nervous system. Glutamate interacts with at least three receptors which have been classified on the basis of agonists that selectively activate them: quisqualate, kainate and N-methyl-Daspartate (NMDA)) 3'36'6° The NMDA receptor is the best characterized of the receptor subtypes due to the availability of selective antagonists. 36 Activation of NMDA receptors has been implicated in a number of physiological and pathological processes including long-term potentiation, learning and memory, hypoxic-ischemic neuronal damage, and chronic neural degeneration. 8, 47 The NMDA receptor is associated with a cation channel that is gated by magnesium in a voltagedependent fashion. *°,~ The receptor-ion channel complex is modulated by several regulatory sites. Glycine, acting at a strychnine-insensitive site, increases §To whom correspondence should be addressed. Abbreviations: AMPA, [RS]<t-amino-3-hydroxy-5-methyl-4-isoxazolepropionic acid; AP5, DL-2-amino-5-phosphonopentanoic acid; AP7, DL-2-amino-7-phosphonoheptanoic acid; CGS 19755, c/s-4-phosphonomethyl-2-piperidine carboxylic acid; CNQX, 6-cyano-7-nitroquinoxaline-2,3-dione; CPP, 3-(2-carboxypiperazin-4-yl)propyl-l-phosphonic acid; DNQX, 6,7-dinitro-quinoxaline-2,3-dione; HA-966, 3-amino-l-hydroxypyrrolide-2-one; MK-801, [3H] MK-801 at a final volume of 10 ml. Under these conditions less than 5% of total ligand was bound and "zone A" conditions 2a (10% or less of total ligand in the incubation mixture is bound) are maintained. In order to assess the effects of temperature on the assay, [3H] MK-801 binding was performed at 4°C, 23°C and 37°C. Optimal pH conditions were determined by varying the pH of the 50 mM Tris-acetate buffer in the incubation mixture between pH 5.0 and 9.0.
For regional distribution studies, tissue sections were incubated for 120 min in 50 mM Tris-acetate buffer (pH 7.4) containing 5 nM [3H] MK-801 at room temperature. Nonspecific binding was determined in the presence of 5 #M unlabeled MK-801. Following the incubation, sections were dipped quickly into 50 mM Tris-acetate buffer (pH 7.4 at 4°C), then rinsed for 80 min in 250 ml of cold buffer and blown dry under warm air. In kinetic studies of the association rate, sections were incubated in 50 mM Tris acetate buffer (pH 7.4, room temperature) containing 5 nM [3H]MK-801 for 11 time points between 2 and 360 min and were then rinsed for 80 min in cold buffer. For determination of the dissociation rate, sections were first incubated in 50 mM Trisacetate buffer (pH 7.4, room temperature) containing 5 nM [3H]MK-801 for 120 rain and were then dipped quickly in buffer and placed in a large volume of buffer ("infinite dilution") for nine time points between 0 and 360 min at room temperature. In saturation studies, for the lower concentrations, sections were incubated for 120 min at room temperature in 50 mM Tris-acetate buffer containing concentrations of [3H] MK-801 ranging from 1 to 20 nM. For the higher concentrations, sections were incubated for 120 min in 20nM [3H] MK-801 diluted with unlabeled MK-801 ranging from 20 to 300 nM. Non-specific binding was determined for each point in the presence of 20 #M MK-801.
In competition studies, unlabeled drugs were included in the incubation mixture. In separate experiments, tissue sections were prewashed for 30 rain in 50 mM Tris-acetate buffer at 37°C (pH 7.4) and [3H] MK-801 binding performed in the presence of NMDA (100/aM) or glycine (100 nM or 100#M) added to the incubation mixture.
Dried sections were placed in X-ray cassettes with appropriate radioactive standards and apposed to either LKB Ultrofilm 3H or Amersham Hyperfilm. Following a 3-4 week exposure at 4°C, films were developed in D-19 (Kodak), fixed and dried. All data presented were analysed from resultant autoradiographic images. Ten to twenty readings per area from triplicate sections were analysed using computer-assisted image analysis (Imaging Research, Inc., St Catherine's, Ontario). Data from kinetic studies were analysed using the non-linear regression program LIGAND) 6a Ics0 values for competitors were calculated by log-logit analysis and K, values were determined by the method of Cheng and TIME (mln) [3H] MK-801 binding sites in rat brain 535 Relatively high amounts of binding were present in the medial and lateral olfactory nuclei, primary olfactory cortex and external plexiform layer, while the internal granule layer of the olfactory tract and glomerular layers exhibited the least amount of binding. In the cortical areas, the distribution of [3H] MK-801 binding varied between regions; however, there was more [3H] MK-801 binding to the superficial cortical layers than to the deep layers. The highest amount of [3H] MK-801 binding was present in the cingu~te area, whereas the entorhinal region exhibited the least binding. Intermediate levels of binding were present in the frontoparietal and frontal cortical areas.
The basal ganglia also exhibited heterogeneous [3H]MK-801 binding. Highest amounts of binding were present in caudate-putamen and nucleus accumbens, whereas globus pallidus and entopeduncular nucleus exhibited lower amounts. Of the basal forebrain structures, the lateral septum displayed the highest amount of binding while the binding in the ventral limb of the diagonal band and bed nucleus of the stria terminalis did not exceed background levels.
Heterogeneous [3H] MK-801 binding was also observed in the thalamus. Binding in the habenula and nucleus reunions did not exceed background levels. All other thalamic nuclei displayed moderate amounts of binding.
[3H]MK-801 binding was minimal in brainstem structures and cerebellum when the assay was performed using 5 nM [3H]MK-801.
[3H]MK-801 binding sites in rat brain Table 2 .
801 binding was found to associate very slowly, reaching equilibration by 2 h at room temperature. Dissociation experiments with tissue sections placed in "infinite dilution" and in the absence of added glutamate and glycine revealed very slow dissociation rates. Both association and dissociation curves fit a single site kinetic model. Considerably more data points would be necessary, however, to clearly distinguish two sites. Since such detailed studies have already been carried out in homogenates, 3~,23,27 it did not seem to be productive to repeat them using autoradiographic techniques. Calculation of the equilibrium dissociation constant, Ka, from the dissociation and association rate constants revealed K d values less than 1 nM, which did not agree with the Kd values calculated from equilibrium saturation studies. The association rate constants observed in these experiments were similar to those observed by Javitt and Zukin 23 and Kloog et aL 27 in the presence of glutamate and glycine. The dissociation rates observed in our studies are considerably slower than those observed in the presence of glutamate and glycine in homogenate studies and probably reflect the fact that the dissociation of [3H] MK-801 and [3H]TCP is potently affected by the concentrations of glutamate and glycine in the dissociation buffer. In fact, our dissociation rates determined without glutamate or glycine in the rinse buffer were similar to those determined in homogenate studies in the absence of glutamate and glycine. 27 Thus, in routine quantitative autoradiography, association rates were fast because of the presence of endogenous glutamate and glycine and dissociation rates were slow because of their absence, leading to a calculated Ka = k ~/k + ~ that is smaller than the equilibrium Ka. Association rates could be determined at several different ligand concentrations and the Ka determined directly from the data (see Javitt and Zukin23 4) . Thus, the [3H] MK-801 binding to rat brain sections described in this paper appears to be labeling the NMDA receptor-ion channel complex.
